Introduction
Muscle satellite cells are thought to represent the only population of committed myogenic progenitors in adult skeletal muscle. The activation of muscle satellite cells generates proliferative myogenic precursor cells that differentiate to repair and replace damaged fibers (Charge and Rudnicki, 2004) . The transcription factors regulating the specification and differentiation of satellite cell-derived myogenic progenitors is analogous to the molecular mechanisms regulating embryonic myogenesis (Parker et al., 2003) . Pax7, a paired-box transcription factor, is specifically expressed in quiescent and newly activated satellite cells. Importantly, the absence of myogenic cells in young Pax7 Ϫ / Ϫ skeletal muscle demonstrates a requirement for Pax7 in the function of the satellite cell lineage (Seale et al., 2000) .
Pax7
Ϫ / Ϫ mice appear normal at birth but fail to thrive and subsequently die at 2-3 wk from unknown causes (Mansouri et al., 1996; Seale et al., 2000) . The decreased caliber of Pax7 Ϫ / Ϫ myofibers is attributable to the lack of satellite cell fusion during the postnatal growth of muscle (Seale et al., 2000) . However, the normal appearance of newborn Pax7 Ϫ / Ϫ muscle suggests that embryonic and fetal myogenesis is unaffected and identifies a unique requirement for Pax7 in the satellite cell lineage.
Recent work has identified stem cell populations capable of giving rise to satellite cells during regeneration. Musclederived side-population cells separated on the basis of Hoechst dye exclusion give rise to satellite cells after intramuscular or intravenous injection (Gussoni et al., 1999; Asakura et al., 2002) . In addition, bone marrow-derived cells similarly have the capacity to engraft skeletal muscle and form myogenic satellite cells after whole-body irradiation and transplantation (Ferrari et al., 1998; Bittner et al., 1999; Gussoni et al., 1999; LaBarge and Blau, 2002) . More recently, we demonstrated that endogenous CD45 ϩ muscle-derived cells give rise to Pax7 ϩ myogenic cells in response to Wnt proteins during regeneration (Polesskaya et al., 2003) . Furthermore, ectopic expression of Pax7 in CD45 ϩ / Sca1 ϩ cells is sufficient for their myogenic specification (Seale et al., 2004) . Together, these data support the notion that a developmental relationship exists between adult stem cells and Pax7-dependent satellite cell myogenic lineages.
Pax3, a paralogue of Pax7, is critical for the delamination and migration of the somitic muscle progenitor cells to the limb buds, as Pax3 mutant mice lack limb muscles (Bober et al., 1994; Goulding et al., 1994; Tajbakhsh et al., 1997) . Despite these distinct functions of Pax3 and -7 in muscle development (Relaix et al., 2004) , recent studies have begun to elucidate a common playground for these paralogues. Specifically, a novel population of Pax3/Pax7 double-positive (Pax3 ϩ /Pax7 ϩ ) stem cells were identified in the dermomyotome of the embryonic somites (Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005) . Proliferating Pax3 ϩ /Pax7 ϩ cells were observed to persist throughout embryonic and fetal development and later to give rise to a subset of muscle satellite cells. In the absence of muscle environment or Pax3/Pax7 expression, these somitic stem cells apoptose or adopt alternative nonmuscle lineages. Interestingly, Pax3 expression in satellite cells is mostly down-regulated before birth, although a subset of satellite cells appears to express Pax3 (Kassar-Duchossoy et al., 2005; Montarras et al., 2005; Relaix et al., 2005) .
In this study, we set out to determine the relative role of Pax7 and -3 in postnatal muscle growth and regeneration. The original Pax7
Ϫ / Ϫ mice in C57/B6 background appear normal at birth but fail to thrive and subsequently die at 2-3 wk of age (Mansouri et al., 1996; Seale et al., 2000) , preventing them from further postnatal analysis. Therefore, Pax7 carrying a knockin of a ␤ -galactosidase ( ␤ -gal) cassette ( Pax7 lacZ/lacZ ) were backcrossed nine generations into the 129Sv/J genetic background, where some mutant mice were viable. These Pax7 lacZ/lacZ 129Sv/J mice allow us to examine not only muscle growth and regeneration in the absence of Pax7 expression but also the function of Pax3 independent of Pax7 in postnatal muscles. We found that the growth and regeneration of Pax7 lacZ/lacZ muscle was greatly compromised, suggesting an essential role for Pax7 in these processes. Furthermore, we identified a novel population of Pax3-expressing myogenic progenitors in the interstitial space of adult skeletal muscles. Together, these results demonstrate an essential role for Pax7 in the productive formation of myogenic progenitors during postnatal growth and regeneration of skeletal muscle.
Results
Decreased fiber size but not fiber number characterizes the decreased muscle growth in Pax7 lacZ/lacZ mice
To investigate the role of Pax7 in postnatal muscle development, we examined the growth of Pax7 lacZ/lacZ muscles during the postnatal period in the 129Sv/J genetic background. Growth of Pax7 lacZ/lacZ mice appeared normal during embryonic development until birth, as demonstrated by the normal body weight as compared with control littermates at postnatal day (P) 0 (Table I) . However, after birth, Pax7 lacZ/lacZ mice failed to maintain normal postnatal growth. At P3, Pax7 lacZ/lacZ mice were only two thirds of the weight of wild-type littermates, and at P10, they were less than half the weight of wild-type littermates. No significant weight difference was detected between Pax7 ϩ /lacZ and wild-type littermates (Table I) . The decreased body mass of Pax7 lacZ/lacZ mice was at least partially attributable to decreased skeletal muscle growth as revealed by the significant size/weight decreases in tibialis anterior (TA) and other skeletal muscles (Table I ; unpublished data). To further determine whether the decreased muscle mass in Pax7 lacZ/lacZ mice resulted from reduced myofiber size or number or both, we enumerated the total number of myofibers at muscle mid-belly and determined the myofiber cross-sectional area. The total fiber number in both extensor digitorum longus (EDL) and soleus muscles was not different between Pax7 lacZ/lacZ and wild-type littermates at P10 (Table I ). In contrast, myofiber size, regardless of their myosin heavy chain (MyHC) phenotypes, was found to be significantly decreased in Pax7 lacZ/lacZ mice. More precisely, the cross-sectional areas of Types II and I myofibers (253 Ϯ 16 and 289 Ϯ 15 m 2 , n ϭ 4, respectively) in the mutant soleus were ‫ف‬ 1.5-and 1.8-fold smaller than those of wild-type fibers (374 Ϯ 25 and 512 Ϯ 29 m 2 , n ϭ 4, respectively) at P10, whereas no significant difference in the cross-sectional area of Type I myofiber was detected at P0 ( Pax7 lacZ/lacZ : 205 Ϯ 37 m 2 , n ϭ 2; Pax7
, n ϭ 2). Together, these results suggest that the smaller fiber size found in Pax7 lacZ/lacZ mice directly resulted from defects in postnatal growth. Furthermore, the myonuclei number per myofiber was significantly reduced to ‫ف‬ 50% of the normal amount in adult Pax7 lacZ/lacZ mice in both soleus and EDL muscles (Table I) , suggesting a deficiency in (or lack of) satellite cell function to supply myonuclei to the growing myofibers.
Altogether, these data demonstrate that postnatal growth of Pax7 lacZ/lacZ skeletal muscles is severely retarded because of inadequate myonuclei increase and myofiber growth.
Muscle atrophy and fiber loss in aged Pax7
lacZ/lacZ mice
To investigate the maintenance of Pax7 lacZ/lacZ muscle during aging, we analyzed the muscle phenotype of aging mice. By 6 mo of age, Pax7 lacZ/lacZ mice displayed prominent kyphosis (curvature of the spinal column), which is typical of extensive muscle wasting and a hallmark of aging (Fig. 1, A ., 1996) . Evidence for muscle wasting was strikingly depicted by a progressive decline in the number of TA myofibers from 2-3 mo of age ( Fig. 1 C) . At 6-7 mo, the number of TA fibers in Pax7 lacZ/lacZ mice was decreased to one third of that in Pax7 ϩ/ϩ muscle ( Fig. 1 C) . The decreased myofiber number was attributable to a specific loss of fast IIb fibers as demonstrated by TA fiber-type analysis (not depicted) and by the normal fiber number found in the slow soleus muscle of adult Pax7 lacZ/lacZ mice (Fig. 1 D) . Despite the massive fiber loss in adult Pax7 lacZ/lacZ TA, the number of newly regenerated myofibers, as indicated by the centrally located nuclei (5 Ϯ 1 per cross section, n ϭ 8), remained comparable to that of wild-type littermates (4 Ϯ 1, n ϭ 7). Therefore, these observations suggest that an impaired regeneration process is failing to replace the rapid loss of fast myofibers associated with aging in Pax7 lacZ/lacZ mice. The presence of calcium deposits in adult Pax7 lacZ/lacZ TA muscles further demonstrated the defective regenerative response during aging ( Fig. 1, E To assess the regenerative capacity of Pax7 lacZ/lacZ muscle, we injected cardiotoxin (CTX) into TA muscles to chemically induce injury. At 10 d and 1 mo after CTX injection, Pax7 ϩ/ϩ TA regained the overall normal appearance of regenerated muscle characterized by numerous centrally nucleated regenerating myofibers (Fig. 2, A and B ). There were Ͼ700 regenerating fibers per TA cross section at both 10 d (n ϭ 2) and 1 mo (n ϭ 3) after injury, without appreciable deposition of calcium, adipose, or fibrotic tissues (Fig. 2, A-D) . In sharp contrast, Pax7 lacZ/lacZ TA displayed a severe regeneration deficit, with only rare centrally nucleated myofibers observed at 10 d (9 Ϯ 6 fibers/TA cross section, n ϭ 3) and 1 mo (61 Ϯ 50 fibers/TA cross section, n ϭ 4) after injection (Fig. 2, E and F) . The centrally nucleated myofibers in Pax7 lacZ/lacZ TA failed to mature and remained significantly smaller than those in Pax7 ϩ/ϩ controls even 1 mo after injury (compare Fig. 2 Fig. 2 G, arrowhead) , and deposition of calcium (Fig. 2 H) . Similar results were obtained after CTX injection in gastrocnemius muscles (unpublished data). This almost complete absence of muscle repair in adult Pax7 lacZ/lacZ mice appears to be the most striking regeneration deficit reported in any mouse model. ϩ/ϩ littermates were fully regenerated with large centrally nucleated fibers ( Fig. 2 I and not depicted) and without calcium deposits (Fig. 2 J) . Together, these experiments indicate that Pax7 is necessary for efficient muscle regeneration.
The presence of small numbers of centrally nucleated myofibers in Pax7 lacZ/lacZ muscle at 10 d and 1 mo after injury did, however, suggest a limited capacity for muscle differentiation. As in wild-type mice, the centrally nucleated fibers in Pax7 lacZ/lacZ mutant expressed embryonic MyHC and high levels of Desmin (Fig. 2 , O and P), confirming their newly regenerated state. In addition, regenerated fibers in both Pax7 ϩ/ϩ and Pax7 lacZ/lacZ muscles contained BrdU-labeled nuclei at 10 d after injury, indicating that proliferating cells had differentiated and fused into these myofibers (Fig. 2, M and N) . Consistent with the regenerative deficit of Pax7 lacZ/lacZ muscle, only 3.5% of BrdU-labeled nuclei were found within muscle fibers, compared with 45% of BrdU-positive nuclei within myofibers in regenerated Pax7 ϩ/ϩ muscles. Finally, analysis of spaced serial cross sections demonstrated that regenerated Pax7 lacZ/lacZ myofibers were multinucleated and extended over several hundred micrometers (unpublished data). Thus, by these criteria, the centrally nucleated Pax7 lacZ/lacZ myofibers observed after muscle injury were regenerated rather than surviving myofibers.
Absence of functional satellite cells in Pax7 lacZ/lacZ adult muscle
It has been reported that satellite cells are formed in the absence of Pax7 and that these cells have some capacity for myogenic function (Oustanina et al., 2004) . Therefore, we examined whether we could similarly detect Pax7 lacZ/lacZ satellite cells and whether these cells were capable of following the myogenic developmental program. First, we asked whether cells derived from Pax7 lineage, as marked by the expression of ␤-gal (see Materials and methods), were present on single muscle fibers in Pax7 lacZ/lacZ mice. In Pax7 ϩ/lacZ mice, all ␤-gal ϩ cells also coexpressed Pax7 (Fig. 3 A) and vice versa, validating the absolute specificity of ␤-gal labeling. Rare ␤-gal ϩ cells were detected on EDL fibers isolated from younger (P25) Pax7 lacZ/lacZ mice ( Fig. 3 B) . Although the Pax7
myofibers typically displayed a small round shape indicative of activation by the single fiber isolation procedure, most Pax7 lacZ/lacZ ␤-gal ϩ cells displayed a morphology characterized by a large cell body with long filopodium-like processes (Fig. 3, A and B) . Furthermore, the frequency of ␤-gal ϩ cells on Pax7 lacZ/lacZ mutant fibers (1.1 Ϯ 0.2/fiber, n ϭ 28) was ‫%7ف‬
of that of the Pax7 ϩ/lacZ control (15.9 Ϯ 2.2/fiber, n ϭ 25) at P25. Even at birth (P0), the frequency of ␤-gal ϩ cells in the Pax7 lacZ/lacZ mutant muscle (6.9 Ϯ 1.3/microscopic field under 20ϫ, n ϭ 7) was less than half that of the Pax7 ϩ/lacZ control (16.0 Ϯ 3.8/field, n ϭ 5; Fig. S1 , available at http:// www.jcb.org/cgi/content/full/jcb.200508001/DC1). To examine whether the Pax7 lacZ/lacZ ␤-gal ϩ cells were capable of proliferation upon activation, single fibers were isolated and cultured in horse serum-coated Petri dishes to prevent attachment of fibers. After 6 d of suspension culture, floating Pax7 ϩ/lacZ myofibers displayed characteristic large aggregates of proliferative satellite cell-derived myoblasts that expressed MyoD and/or Pax7 (Fig. 3, C and E) . Under similar culture conditions, no aggregates of cells were found on Pax7 lacZ/lacZ fibers (n ϭ 29). Occasionally, pairs of nuclei that expressed low levels of MyoD were found within arrested single-blobbing cell bodies (Fig. 3, D and F) . We did not detect Caspase3 expression in these cells (unpublished data), suggesting that Pax7 mutant satellite cells underwent an abortive mitosis and failed to complete cell division.
We next examined whether the Pax7-remnant cells on isolated single myofibers still retained typical satellite cell features. All satellite cells associated with freshly isolated Pax7 ϩ/ϩ or Pax7 ϩ/lacZ fibers coexpressed Pax7 and Syndecan4 (Fig. 4 , A and B) or CD34 (Fig. 4 H) , suggesting that Syndecan4 (Cornelison et al., 2001 ) and CD34 (Beauchamp et al., 2000) are reliable markers of satellite cells. Specifically, 8.7 Ϯ 1.9 Syndecan4 ϩ cells/fiber and 3.9 Ϯ 1.8 CD34 ϩ cells/fiber were detected in 6-8-wk-old adult Pax7 ϩ/ϩ fibers (n ϭ 16 fibers/3 mice for Syndecan4; n ϭ 35 fibers/2 mice for CD34). In contrast, syndecan4 or CD34-expressing cells were never found on clean capillary-free Pax7 lacZ/lacZ fibers (n ϭ 56 fibers/3 mice for Syndecan4; n ϭ 65 fibers/2 mice for CD34). Importantly, all ␤-gal-expressing cells on Pax7 lacZ/lacZ fibers were negative for syndecan4 (Fig. 4 C) and CD34 (Fig. 4, K-M) . However, occasionally syndecan4 ϩ or CD34 ϩ cells were found on Pax7 lacZ/lacZ fibers when care was deliberately not taken during single fiber preparation. These cells were uniformly negative for ␤-gal immunostaining (Fig. 4 , C-E and N). Notably, these syndecan4 ϩ , ␤-gal Ϫ cells were also positive for the endothelial marker CD31 (Fig. 4, D-G) . Together, these data demonstrate that although rare ␤-gal ϩ cells are localized to the satellite cell niche in young Pax7 lacZ/lacZ musculature, these cells have lost the characteristics and function of wild-type satellite cells.
In support of these findings, only 9% of Pax7 lacZ/lacZ fiber (n ϭ 76 fibers/3 mice) yielded any mononuclear cells (mean of 1.85 Ϯ 0.34 cells/fiber) after several days of attached culture in growth medium. Importantly, the mononuclear cells associated with Pax7 lacZ/lacZ fibers were uniformly negative for the myoblast-specific markers MyoD, Myf5, and Desmin (unpublished data). In contrast, all Pax7 ϩ/ϩ fibers (n ϭ 60 fibers/3 mice) gave rise to an average of 11.8 Ϯ 0.97 cells/fiber. Furthermore, numerous proliferative bursts of MyoD ϩ myoblasts were generated by all Pax7 ϩ/ϩ fibers (unpublished data). Together, these data indicate that the defects in postnatal muscle growth and regeneration are attributable to an absence of functional satellite cells in Pax7 lacZ/lacZ mutant mice. To identify the myogenic cells responsible for the small regenerative capacity in Pax7 lacZ/lacZ hind limb muscle, single-cell suspensions were prepared from hind limb muscles and analyzed after 15 h in growth conditions or after an additional 3 d in differentiation medium. Interestingly, freshly isolated cell preparations from hind limb and diaphragm Pax7 lacZ/lacZ muscles yielded some myogenic cells expressing MyoD (Fig. 5, A and B) or Myf5 (Fig. 5 D) . Although present, Pax7 lacZ/lacZ myogenic cells were recovered at an extremely low frequency ‫;051/1ف(‬ Fig. 5 lacZ/lacZ myogenic cells underwent myogenic differentiation and expressed MyHC after culture in low-mitogen medium after 3-5 d (Fig. 5 A) . In myoblast preparations from Pax7 ϩ/ϩ or Pax7 ϩ/lacZ muscles, an average of 311.3 Ϯ 49.3 (n ϭ 6) nuclei/20ϫ field were found within MyHC ϩ cell bodies. In myoblast preparations from Pax7 lacZ/lacZ muscle, an average of 3.0 Ϯ 1.5 (n ϭ 11) nuclei were found within MyHC ϩ cell bodies. In myoblast preparations from Pax7 lacZ/lacZ muscle, all MyoD ϩ cells expressed MyHC after 6 d of culture in differentiation conditions. In contrast, in the Pax7 ϩ/lacZ control, ‫%01ف‬ of MyoD ϩ cells did not express MyHC. Lastly, EDL fiber bundles containing interstitial connective and other tissues from P30 Pax7 ϩ/lacZ and Pax7 lacZ/lacZ mice were plated on Matrigel and cultured for 3 d in growth media followed by 1 d in differentiation media. Pax7 ϩ/lacZ EDL muscle yielded large numbers of MyoD-, Myf5-, and MyHCexpressing cells together with formation of large myotubes (Fig. 5 C) . Notably, Pax7 lacZ/lacZ EDL myofiber bundles gave rise to low numbers of MyoD-and Myf5-expressing cells that were capable of forming myotubes (Fig. 5 D) 
Coexpression of Pax3 and myogenic markers in Pax7 lacZ/lacZ cells
To investigate the possibility that the Pax7-independent myogenic cells in adult muscle represent a Pax3-dependent lineage, cell cultures from limb and diaphragm were analyzed for Pax3 expression by immunohistochemistry. Cultures from both wildtype and Pax7 lacZ/lacZ diaphragm (unpublished data) and limb (Fig. 5 B) muscles yielded similar numbers of MyoD ϩ /Pax3 ϩ cells (Fig. 5 B) . The majority of wild-type MyoD ϩ cells did not express Pax3 (Fig. 5 B, To demonstrate the presence of the Pax3 ϩ myogenic cell population in wild-type animals, we performed RNase protection assay, in situ hybridization, and immunostaining on wild-type muscles. By RNase protection assay, primary myoblasts isolated from adult limb muscles and expanded over several weeks expressed extremely low levels of Pax3 mRNA, and we were unable to detect Pax3 protein by Western blot analysis (unpublished data). In addition, Pax3 mRNA was below the limit of detection in C2C12 myoblasts and myotubes. Furthermore, immunolabeling for Pax3 confirmed the presence of Pax3-expressing cells in wild type and Pax7 lacZ/lacZ limb musculature outside the basal lamina (Fig. 6, A-E 
Discussion
Our analysis of Pax7 lacZ/lacZ mice clearly establishes an essential requirement for Pax7 during postnatal muscle growth and regeneration. Importantly, these experiments demonstrate that Pax7 is required for presatellite cells to express genes normally associated with functional satellite cells located in the sublaminar niche. Moreover, Pax7 is also required for the productive formation of committed myogenic precursor cells from sublaminar satellite cells. Furthermore, our experiments have identified a novel population of interstitial Pax3-expressing myogenic progenitors in adult limb musculature.
Using three different models of muscle injury in three different muscle groups, our results demonstrate a severe regeneration deficit in adult Pax7 lacZ/lacZ mice. Profound deficits in Pax7 lacZ/lacZ muscle regeneration have also been reported in a mixed C57/BL/Sv129 genetic background (Oustanina et al., 2004) . Surprisingly, Oustanina et al. (2004) observed that postnatal muscle growth appeared "essentially normal" despite the extremely low number of satellite cells, the obviously smaller body size, and the increased number of smaller sized myofibers in Pax7 lacZ/lacZ mice in the mixed background. Our experiments do not support these findings. We observed significant deficits in muscle growth and regeneration capacity in Pax7 lacZ/lacZ mice with loss of fast myofibers, calcium deposition, and chronic degeneration associated with aging. The specific loss of fast muscle fibers can be attributed to the deficient fiber growth, as manifested by the reduced fiber size and myonuclei number per fiber, susceptibility of fast fibers to damages, and inefficient regeneration mechanisms to replace damaged fibers. In response to acute damage, such as CTX-or crush-induced injury, Pax7 lacZ/lacZ muscle was rapidly replaced by an inflammatory infiltration, together with large calcium deposits and extensive adipose infiltration. Only rare regenerated myofibers were formed. Lastly, our results demonstrate that Pax7 is required for the normal function of satellite cells and the productive formation of myogenic precursor cells. Therefore, our study unequivocally demonstrates that Pax7-dependent myogenic cells, which comprise the satellite cell compartment, are required for the efficient regeneration of skeletal muscle. The identification of rare regenerated Pax7 lacZ/lacZ myofibers suggested the presence of Pax7-independent myogenic progenitors within the muscle. In our experiments, myogenic (MyoD ϩ ) cells were cultured from Pax7 lacZ/lacZ muscle at a frequency of ‫051/1ف‬ as compared with wild-type muscle. However, our in vivo data suggests that Pax3 ϩ myogenic progenitors may give rise to as much as 5% of MyoD ϩ cells during regeneration. Importantly, sufficient numbers of Pax7 lacZ/lacZ myofibers were analyzed to conclusively demonstrate that these Pax7 lacZ/lacZ myogenic cells were not associated with myofibers and therefore were not satellite cells. Specifically, control EDL myofibers contained ‫01-9ف‬ Syndecan4 ϩ satellite cells per fiber. Therefore, if satellite cells were present on Pax7 lacZ/lacZ fibers at a frequency of 1/150, one satellite cell would be observed for every 16 fibers. From our experiments, no Syndecan4 ϩ cells were detected on a total of 197 fibers examined either by direct immunohistochemistry or following in vitro culture. Although few ␤-gal ϩ cells (7% of control) were found on Pax7 lacZ/lacZ fibers, these cells did not express the satellite cell markers CD34 and Syndecan4 and were incapable of on-fiber proliferation in culture, suggesting that they were incapable of productively forming myogenic precursor cells. In addition, single fiber versus myofiber bundle culture experiments strongly support the notion that the myogenic progenitors found in Pax7 lacZ/lacZ mice were not associated with myofibers, arguing against a possible contribution from any residual Pax7-deficient satellite cells.
Recent findings have demonstrated the presence of resident or circulating stem cells in the muscle (Ferrari et al., 1998; Bittner et al., 1999; Gussoni et al., 1999; Blau et al., 2001; Torrente et al., 2001; Asakura et al., 2002; LaBarge and Blau, 2002; Qu-Petersen et al., 2002; Polesskaya et al., 2003; Dreyfus et al., 2004) . Our results suggest that these stem cells are insufficient to compensate for the loss of satellite cell function in the absence of Pax7 or suggest that Pax7 is a key player in the myogenic specification of most, if not all, adult stem cells. This idea is further supported by our finding that the myogenic differentiation of Pax3 ϩ cells is reduced in the Pax7 lacZ/lacZ mice, by our previous studies showing that Pax7 expression is necessary for the myogenic differentiation of CD45 ϩ muscle-derived stem cells (Seale et al., 2004) , and by recent studies showing that embryonic stem cells giving rise to satellite cells apoptose or undergo nonmyogenic differentiation in the absence of Pax7 and -3 .
The molecular function of Pax3 and -7 in myogenic specification remains to be fully defined. Genetically, Pax3 and -7 function upstream of Myf5 and MyoD, and Pax3-FKHD is capable of activating MyoD transcription in fibroblasts . In addition, several recent studies have reported that newly activated satellite cells and proliferating myoblasts coexpress Pax7 and MyoD in vitro (Halevy et al., 2004; Olguin and Olwin, 2004; Zammit et al., 2004) . Together, these findings support the notion that Pax3/Pax7 directly or indirectly activates the transcription of the myogenic regulatory factors. Moreover, ectopic expression of Pax7 leads to enhanced proliferative and survival potential of myoblasts (Seale et al., 2004) . Likewise, transient activation of Pax3 expression in response to Notch signaling has been reported in cultures of primary myoblast (Conboy and Rando, 2002) , resulting in enhanced proliferation of these cells. Interestingly, overexpression of Pax7 also seems to down-regulate MyoD and promote cell-cycle withdrawal from the proliferating state, therefore playing a critical role in the maintenances of the satellite cell pool (Olguin and Olwin, 2004; Zammit et al., 2004) . Our present data demonstrate that satellite cells lacking Pax7 undergo arrest when forming myogenic cells. Pax7 appears to function at multiple levels, including activation of the myogenic program, stimulating the proliferation and survival of myogenic progenitors, and the self-renewal of satellite cells. Our experiments unequivocally demonstrate that Pax7-deficient satellite cells that survive are incapable of giving rise to functional myogenic progenitors. Therefore, we conclude that Pax7 is required for sublaminar satellite cells to either form functional myogenic daughter cells or maintain a renewable satellite cell pool. Importantly, these data imply that myogenic commitment or specification occurs when satellite cells undergo an asymmetric cell division to form a myogenic factor-expressing daughter cell.
The rare MyoD ϩ cells recovered from whole muscle homogenates from Pax7 lacZ/lacZ mice uniformly expressed Pax3. Immunolabeling and in situ hybridization revealed the presence of Pax3 ϩ cells in interstitial locations outside the basal lamina of muscle fibers and not in the sublaminar satellite cell niche. The interstitial Pax3 ϩ cells did not express MyoD in undamaged muscle. However, after injury, the Pax3 ϩ cells rapidly increased in number and were found to express MyoD. Expression of Pax3-GFP or Pax3-nLacZ knockins has recently been reported in postnatal diaphragm in a subset of Pax7-expressing satellite cells, but expression was not detected in satellite cells in most hind limb musculature (Buckingham et al., 2003; Montarras et al., 2005; Relaix et al., 2005) , as opposed to our observation that they are located outside muscle fibers. In our experiments, we only detected Pax3 protein in rare cells located outside of the basal lamina and not in satellite cells. This discrepancy may be the result of the different labeling techniques used and the different thresholds of detection between immunostaining of endogenous Pax3 versus bacterial enzymes or GFP with long halflives. It is also possible that the extralaminar Pax3-expressing cells represent presatellite cells that require Pax7 to become functional sublaminar satellite cells. However, the presence of these cells in both wild type and mutant muscle, and the absence of detectable Pax3 protein in Pax7-deficient LacZ ϩ cells, supports the notion that the Pax3 ϩ cells represent a novel myogenic lineage. Future studies applying immunolabeling to the knockin mice may help clarify the discrepancy.
Together, our experiments suggest that the interstitial Pax3 ϩ cells represent a novel myogenic lineage that is distinct from the sublaminar Pax7 ϩ satellite cell compartment. The normal role of these Pax3-expressing myogenic progenitors in adult muscle remains to be established. It is interesting to speculate that Pax3-expressing myogenic cells have a specialized role in adult muscle. For example, it is possible that these cells have a role in the formation of muscle spindles, neuromuscular junctions, myotendinous attachments, or other muscle specializations. Future studies characterizing the expression, differential activity, and developmental role of Pax3 and -7 in postnatal myogenesis are thus required.
Materials and methods

Mice and injury protocols
Mice carrying a targeted reporter allele of Pax7 provided by P. Gruss (Max Plank Institute for Biophysical Chemistry, Göttingen, Germany; Mansouri et al., 1996) were backcrossed into the 129Sv/J genetic background for nine generations to generate 129Sv/J-inbred mice carrying the Pax7-LacZ allele. In these mice, the Pax7 gene was knocked out by insertion of a ␤-gal gene and a neomycin cassette into the first exon of Pax7. The muscle phenotype was indistinguishable between C57BL/6-or 129Sv/J-inbred backgrounds and a C57BL/6 ϫ 129Sv/J-outbred background. Mouse serum was prepared by coagulation and centrifugation of blood samples and assayed by the Department of Biochemistry at the Children Hospital of Eastern Ontario. To investigate whether regeneration is age dependent, 1-7-mo-old Pax7 lacZ/lacZ and Pax7 ϩ/ϩ littermates were used for all regeneration experiments. However, no difference was found in the regeneration efficiency of age groups tested. We therefore pooled all data together in the results. For CTX-induced muscle regeneration, mice were killed at 10 d or 1 mo after injection of 25 l CTX (10 M; Latoxan) into the TA or the gastrocnemius muscles. For cell proliferation assays, 30 mg/kg BrdU (Sigma-Aldrich) was injected i.p. on days 4, 6, 7, and 8 after CTX injection. For crush injury, TA or gastrocnemius muscles were crushed using large forceps. Experiments were performed under University of Ottawa regulations for animal care and handlings.
Cell and tissue culture
Single myofibers were isolated by collagenase digestion as previously described (Charge et al., 2002) and subsequently plated in Matrigel-coated chamber slides for attached culture or suspended in 60-mm Petri dishes coated with horse serum to prevent fiber attachment. Myofiber bundles, which contained ‫05-01ف‬ myofibers and surrounding tissue, were prepared and plated in chamber slides as per single myofiber culture but without extensive trituration. Primary myoblasts were isolated from hind limb or diaphragm muscles and cultured as previously described (Megeney et al., 1996) .
Histology
For all injury and regeneration experiments, TA muscle was isolated, cut at mid-belly, embedded in optimal cutting temperature compound (TissueTek)/20% sucrose, and frozen in liquid nitrogen for cryosections or fixed in 4% PFA and processed for paraffin sections. Cryosections were used for immunohistochemistry staining, and paraffin sections were used for hematoxylin-eosin, Alizarin red S (calcification), or Van Gieson's (fibrosis) staining. For postnatal fiber size analysis, lower hind legs were cryosectioned and total fiber number and fiber size were analyzed on transverse sections (10 m) of the mid-belly soleus and EDL muscles, using NIH Image software. Fiber types were identified immunohistochemically with antibodies specific for MyHC subtypes (see next section) as described previously (Hughes et al., 1993) .
Immunochemistry
In brief, cryosections, single myofibers, or cultured cells were fixed in 2-4% PFA, quenched with glycine (100 mM glycine, 0.2% Triton X-100, and 0.1% sodium azide in PBS), and blocked in PBS containing 2% BSA, 5% goat serum, and 0.2% Triton X-100. Tissues or cells were then incubated with the primary antibodies diluted in the same blocking solution and finally with biotinylated secondary antibodies or fluorophore-conjugated secondary antibodies. The primary antibodies used were as follows: mouse monoclonal anti-Pax3 (IgG2a; a gift from C. Ordhal, University of California, San Francisco, San Francisco, CA; available from the Developmental Studies Hybridoma Bank), rabbit anti-Pax3 (Active Motif and Zymed Laboratories), Pax7 (Developmental Studies Hybridoma Bank), rat anti-laminin (Qbiogene), laminin (DakoCytomation), Desmin (DakoCytomation), CD34 (BD Biosciences), MyoD (5.8A; BD Biosciences), rabbit anti-MyoD (C-20; Santa Cruz Biotechnology, Inc.), Myf5 (Santa-Cruz Biotechnology, Inc.), MyHC (MF-20; Developmental Studies Hybridoma Bank), embryonic fast MyHC (F1.652; Developmental Studies Hybridoma Bank); MyHC IIb (BF-F3; Deutsche Sammlung von Mikroorganismen und Zellkulturen), MyHC I (A4.840) and IIa (A4.74; Developmental Studies Hybridoma Bank), anti-␤-gal (Invitrogen), and chicken anti-Syndecan4 (gift of B. Olwin, University of Colorado, Boulder, CO; Cornelison et al., 2001) . BrdU detection was performed using the BrdU in situ detection kit (BD Biosciences) following the manufacturer's protocol. The secondary antibodies used were Alexa488 anti-mouse IgG2a; Alexa568 anti-mouse IgG1 (Invitrogen); and Fluorescein-, Rhodamine-, or Cy5-conjugated antibodies (Chemicon). Nuclei were counter-stained with DAPI.
In situ hybridization
Pax7
ϩ/ϩ and Pax7 lacZ/lacZ adult diaphragms were processed for in situ hybridization as previously described (Wallace and Raff, 1999) . A Pax3 cDNA template was used for synthesis of sense and antisense digoxigeninlabeled riboprobes (Goulding et al., 1993) . After in situ hybridization, sections were reacted with an antibody to laminin (DakoCytomation) and a Rhodamine-conjugated secondary layer (Chemicon).
Statistical analysis and microscopy
Errors quoted are SEM throughout. Data were analyzed using unpaired t tests. Asterisks indicate significance at P Ͻ 0.05 and P Ͻ 0.01 throughout.
Samples were visualized with a microscope (Axioplan2; Carl Zeiss MicroImaging, Inc.), and images were acquired using a camera (AxioCam; Carl Zeiss MicroImaging, Inc.) and the Axioview 3.1 software (Carl Zeiss MicroImaging, Inc.). Digital fluorescent images were captured at room temperature with a 20ϫ (plan-apochromat, air, NA 0.75) or 63ϫ (planapochromat, oil, NA 1.40) objective using the least possible exposure to minimize bleaching. The final displaying levels were subsequently adjusted similarly for all figures using Axioview or Photoshop (Adobe) software. Fig. S1 shows the expression of ␤-gal in Pax7 ϩ/lacZ and Pax7 lacZ/lacZ muscles at P0. Fig. S2 shows Pax7 ϩ and Pax3 ϩ cells in the limb muscle of a wild-type mouse at P1. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200508001/DC1.
Online supplemental material
